Hole transitions from the heavy-hole ͑hh͒ to the light-hole ͑lh͒ band contributing to the 4 -10 m response range are reported on p-GaAs/ AlGaAs detectors. The detectors show a spectral response up to 16.5 m, operating up to a temperature of 330 K where the lh-hh response is superimposed on the free-carrier response. Two characteristic peaks observed between 5 -7 m are in good agreement with corresponding energy separations of the lh and hh bands and thus originated from lh-hh transitions. Results will be useful for designing multi-spectral detection which could be realized on a single p-GaAs structure. © 2010 American Institute of Physics. ͓doi:10.1063/1.3486169͔
p-GaAs/ AlGaAs structures. This mechanism can provide an extended spectral range by varying the materials with different so splitting energies ͑⌬ so ͒. For example, III-V phosphide material will allow 8 -14 m detection ͑e.g., ⌬ so ͑GaP͒ = 0.08 eV͒. As a result of spin-orbit interaction, the lh and hh bands are also separated with an energy approximately approaching ͑2 / 3͒⌬ so at wave vectors ͑k͒ away from the Brillouin Zone ͑BZ͒ center. Hole transitions between these two bands can lead to optical absorption at wavelengths up to 10 m for p-GaAs. 3 In this letter, attention is paid to spectral response due to lh-hh transitions in p-GaAs/ AlGaAs detectors, showing attractive applications for mid-and long-wavelength infrared ͑MWIR and LWIR͒ detection.
Research on MWIR and LWIR detectors such as mercury-cadmium telluride ͑MCT͒, 4 quantum-well and dot infrared photodetectors ͑QWIP 5 and QDIP 6 ͒, type-II InAs/ GaSb strained layer superlattice ͑SLS͒ 7 and quantum cascade detectors ͑QCD͒ 8 is still in progress, wherein uniformity, low cost, and multispectral detection are desirable for practical applications. As a mature material system, GaAs is such a candidate. The detectors demonstrated here have a similar structure to the standard 9 heterojunction interfacial workfunction internal photoemission detector which consists of alternative highly p-doped absorbing layers ͑emitters͒ and undoped barriers. The highly doped and thick emitters ͑18.8 nm͒ will lead to three-dimensional energy states as opposed to quantized states. Carriers excited by incoming radiation in a split-off detector 1,2 originate from hole transitions taking place either between different bands ͑intervalence-band absorption, IVBA͒, specifically from the hh band to the so band, or within the same band ͑free-carrier absorption, FCA͒. These carriers then escape over the barriers by a photoemission process occurring at the emitter-barrier interface. The internal work function is defined by energy difference between the barrier bottom and the Fermi level ͑or the valence-band edge if the Fermi level is above it͒ of emitters, and determines the threshold wavelength ͑ t ͒. The spectral limitation comes from the requirement of photon-energy greater than ⌬ so , e.g., 0.341 eV for GaAs. On the contrary, lh-hh transition energy has a high onset due to their maximum separation ⌬ 1 ͑⌳͒ ͑Refs. 10 and 11͒ in the ͗111͑͘⌳͒ direction, but no minimum limitation from the band-structure point of view. Therefore, lh-hh transitions can theoretically produce broad absorption features up to the wavelength region where FCA becomes dominating.
The detailed valence-band structure of GaAs is shown in Fig. 1͑a͒ be verified from absorption spectra as shown in Fig. 1͑b͒ with theoretical FCA curves ͑from transitions occurring within the same band͒ calculated for comparison. The IVBA appears as on top of FCA lines, where the broad peak around 4-16 m is due to the lh-hh transitions. Hole transitions near the BZ center contribute to the long-wavelength portion, such as the transition ͑3͒ corresponding to absorption at 9 m. Although holes occupying the hh band reduces with increasing k, the joint density of states ͑JDOS͒ ͉k ជ · ٌ k ͑E ki − E kj ͉͒ −1 ͑i and j represent band indexes͒ showing singularities due to the parallel feature of lh and hh bands results in considerable absorption in the short-wavelength range. Those transitions can take place in the ͗111͑͘⌳͒ and ͗100͘ ϫ͑⌬͒ directions as indicated by arrows ͑1͒ and ͑2͒. Such an absorption feature is promising for infrared detection since both MWIR and LWIR ranges can be covered using a single p-GaAs based structure.
Detector structures with varied emitter doping and t , demonstrating the lh-hh response, were grown on semi- p-doped GaAs and 60 nm thick undoped Al x Ga 1−x As where x = 0.28, 0.37, and 0.57, respectively. The so-hh transitionbased short-wavelength response in samples SP1 ϳ 3 have been previously reported and discussed. 2 The t of HE0206, 1332 and SP1 ϳ 3 at 16.5Ϯ 0.5 m, 15.0Ϯ 0.3 m, 9.3Ϯ 0.3 m, 6.5Ϯ 0.3 m, and 4.1Ϯ 0.2 m, respectively, are referred to operating conditions listed in Fig. 3͑a͒ . Spectral response was measured on devices with the active area of 260ϫ 260 m 2 by using a Perkin-Elmer system 2000 Fourier Transform InfraRed ͑FTIR͒ spectrometer. A bolometer with known sensitivity is used for background measurements and calibrating the responsivity of detectors. Figure 2 shows the 80 K spectral responsivity of SP1 at different bias. Generally, the photoemission process determines the escape rate of holes out of the emitter region following an escape cone model. 9 However, with increasing bias, the thermal assisted tunneling contribution will mix in this process deteriorating the model accuracy, which can be seen from the increasing threshold wavelength with bias. Therefore, the FCA responsivity alone was calculated using the escape cone model 9 for a bias up to 1 V under which the internal work function is nearly unchanged and taken from the Arrhenius plot based on dark current measurements. Results show an agreement of measured responsivity with the FCA model curves in the long-wavelength portion and one comparison is plotted in the inset of Fig. 2 . When the FCA dominates over the IVBA at longer wavelength, a good matching can be obtained which is shown in Fig. 3͑a͒ . Similar FCA response pattern will be expected for higher-bias operation at which tunneling effects become prominent. The lh-hh transitions thus have the primary contribution to spectral response in the 4 -8 m range in which the shortwavelength response coincides with the absorption curves ͓Fig. 1͑b͔͒ approaching 4 m, while the long-wavelength portion is affected by the threshold wavelength. Two peaks determined by their center positions at 5.50 m and 6.46 m, respectively, can be resolved. Their corresponding energy values ͑0.225 V and 0.192 eV, respectively͒ agree well with reported lh-hh separations along the ⌳ and ⌬ directions, e.g., ⌬ 1 ͑⌳͒ = 0.224 eV in Ref. 10 and ⌬ 0 Ј͑⌬͒ = 0.193 eV in Ref. 11 . Therefore, hole transitions at points in k ជ space along the ⌳ and ⌬ directions ͓named ͑1͒ and ͑2͒ in Fig. 1͑a͒ , respectively͔ are the reason for this result. A hole escaping over the potential barrier needs to undergo a photoemission process at the emitter-barrier interface during which its kinetic energy is required to be higher than the barriers following an escape cone in the momentum space. Different photoemission rate can be resulted in terms of the k points on the lh band onto which holes are excited, leading to the resolved ⌬ 1 and ⌬ 0 Ј peaks in Fig. 2 . Responsivity (a. u.) 4 8 12 16 Wavelength (μm) Developing detectors in the 4 -8 m range is useful for short-range detection of bright infrared sources such as the proximity fuze that is designed to detonate an explosive device. By using GaAs-based alloys such as GaAsP ͑⌬ so ͑GaP͒ = 0.08 eV͒ or GaAsSb ͑⌬ so ͑GaSb͒ = 0.76 eV͒, extension of response range to either longer or shorter wavelength is possible as ⌬ 1 roughly follows the ͑2 / 3͒⌬ so rule. These characteristics will facilitate the realization of multispectral detection on a single GaAs-based detector.
According to Fig. 1͑b͒ , lh-hh absorption processes can result in a spectral response longer than the response obtained from detector SP1. The long-wavelength capability was investigated in detectors with varied doping levels and t as shown in Fig. 3͑a͒ . A comparison with the model FCA response was made on detector 1332 operating at 1 V bias, indicating lh-hh transitions can produce spectral response up to 10 m. The lh-hh IVBA process is rather prominent in terms of similar responsivity features observed in detector HE0206 although its emitters are relatively low doped at 1 ϫ 10 17 cm −3 . A summarization of observed peaks is listed in Table I . High-operating-temperature capability was measured on detectors SP1, SP2, and SP3 as shown in Fig. 3͑b͒ , indicating promising uncooled operation. The range above t could be due to the thermal detection mechanisms.
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Thermal-related processes such as phonon scattering increase the response time at high temperatures at which enhanced responsivity was observed by using a lower optical-pathdifference ͑OPD͒ velocity of the FTIR. A minimum OPD velocity below which response is nearly unchanged was thus employed. The peak at ϳ13 m is due to the cavity enhancement 9 of the p-GaAs/ AlGaAs structure. It has been found that the ⌬ 1 and ⌬ 0 Ј peaks are almost fixed over the temperature range from 80 K to room temperatures, which is consistent with their previous reported temperatureindependent behavior. 10 The calculated specific detectivities ͑D ‫ء‬ ͒ for SP1 and SP2 at peak response wavelengths and operating at 80 K and 1 V bias by using the previously described methods 2 are 3.0ϫ 10 7 and 1.5ϫ 10 9 Jones, respectively. Performance optimization is also possible by improving emitter absorption with higher doping levels ͓Fig. 1͑b͔͒. However, the scattering effect 12 is another factor needed to be considered for a final optimization. The lh-hh transition-based concept presented in this paper builds up the factors including the split-off mechanism and the FCA for GaAs being a platform to realize multi-spectral infrared detection in an internal photoemission detector. In comparison with MCT detectors 4 which have been realized for uncooled operation within the 2-16 m spectral range and are commercially available, the discussed GaAs-based device will be a viable alternative with the robustness of the III-V material system. Uncooled operation is also possible for this type of device which can be promising for some special applications such as highintensity detection. 
